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Negative ion electrospray-tandem mass spectrometry has been employed to study chloride
adducts of saccharide molecules. Decompositions of [M  Cl] obtained under identical
low-energy collision conditions allow the approximate ranking of chloride affinities and
gas-phase acidities of a series of isomeric monosaccharides. The ketohexoses are found to be
more acidic than the aldohexoses. Chloride adduct decompositions are examined for a
glucopyranosyl fructose and a glucopyranosyl glucose series. For each disaccharide series, the
linkage position is shown to markedly influence the favored pathways of [M  Cl]
decompositions, initiated either by loss of neutral HCl to form [M  H] and possibly leading
to further (consecutive) decompositions, or by loss of M to form Cl. Upon formation of [M 
H], both cross-ring cleavages and glycosidic bond decompositions were observed in varying
degrees for the two series of disaccharides. Remarkably, for three non-reducing polysaccha-
rides that each contain a terminal sucrose group at the “downstream” end, chlorine-containing
product ions arising from cleavage of the Glc–2Fru linkage have been observed. Apart from
Cl, chlorine-containing product ions are not observed for any of the other disaccharides
investigated, and they appear to be specifically diagnostic of a terminal Glc–2Fru linkage.
Their appearance is rationalized based upon a substantially reduced tendency for HCl loss
from these non-reducing polysaccharides. (J Am Soc Mass Spectrom 2001, 12, 1193–1204) © 2001
American Society for Mass Spectrometry
Apart from proteins and nucleic acids, carbohy-drates, also referred to as saccharides, are thethird important class of compounds with enor-
mous biological significance. They serve as an energy
source, and are found naturally in a variety of complex
structures that are sometimes linked to lipids (i.e.,
glycolipids) or proteins (i.e., glycoproteins). The biolog-
ical importance and the chemical behavior of carbohy-
drates are closely related to the structural details such
as sugar sequence, reducing end monosaccharide unit,
linkage type, anomeric configuration, and substituent
groups.
Complex carbohydrates have a number of structural
features that make them particularly difficult to charac-
terize. For example, because the polarity is determined
almost exclusively by hydroxyl groups and glycosidic
linkages, the polarity of many sugars falls within a very
narrow range. This can thwart facile separation by
adsorption chromatography methods. As a biopolymer,
subtle differences in the sequence of linked monosac-
charides can be difficult to detect, as are small varia-
tions in branching. To completely characterize these
structural features, various tools such as NMR and
mass spectrometry have been widely used. Mass spec-
trometry (MS) has shown a unique ability to resolve
certain structural ambiguities. Permethylation linkage
analysis is well developed for GC-MS determinations of
the partially methylated alditol acetates [1, 2]. Perm-
ethylation is still the principal method used to charac-
terize the structural details of oligosaccharides despite
the fact that the approach is cumbersome and time-
consuming. Chromophore- or fluorophore-tagging
[3–7] and other derivatization procedures [8–10] com-
bined with peracetylation have been used to obtain
structural information. Glycosidase (enzyme) treatment
has also been used to sequence the oligosaccharides via
the determination of hydrolyzed products using mass
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spectrometry [11]. The “soft” mass spectrometric ioniza-
tion techniques such as fast atom bombardment (FAB)
[12–16] and closely related liquid secondary ionization
mass spectrometry (LSIMS) [17, 18], along with matrix-
assisted laser desorption ionization (MALDI), [19–23],
and electrospray ionization (ESI) [24–28] have gained
attention as approaches to investigate underivatized
oligosaccharides. Collision-induced decomposition
(CID), that has been combined especially with FAB,
LSIMS, or ESI, offers the possibility to assign details of
carbohydrate structure such as sugar sequence for lin-
ear oligosaccharides [12], linkage position [12, 15–17,
29] and differentiation of anomeric isomers [25, 30].
Adduct ions have been widely used for signal en-
hancement or promotion of fragmentation in desorp-
tion ionization techniques such as FAB, LSIMS, or ESI
[31, 32]. In the positive ion mode, Li, Na, K, and Cs
cations have been employed to examine the influence of
the particular attached cation upon decompositions of
alkali metal adduct ions of oligosaccharides [16, 17, 33,
34]. Ca2 and Mg2 adducts of oligosaccharides [26]
have been investigated for the elucidation of the linkage
position of trisaccharides. Cobalt complexes have also
been used to differentiate the anomeric configuration of
disaccharides [30].
In contrast to the larger number of reports investi-
gating positive ion adducts of various sugars, very little
has been reported concerning anionic adducts such as
those produced by chloride ion attachment to oligosac-
charides. In the absence of positively charged sites,
chloride attachment is favored to occur at hydrogens
bound to electronegative atoms such as the hydrogens
in hydroxyl groups. Chloride adducts have been found
to form for a variety of compounds including carbohy-
drates using negative chemical ionization (NCI) [35–39]
or atmospheric pressure chemical ionization (APCI)
[40]. In electrospray ionization (ESI), the formation of
adduct ions or cluster ions is believed to accelerate late
in the droplet lifetime, as the final solvent molecules
evaporate. Although few reports of chloride attachment
have appeared employing ESI [41–44], the complex
structures of oligosaccharides present some unique
opportunities to expand the use of this approach. In this
report, we systematically investigate decompositions of
chloride adducts of various saccharides using tandem
mass spectrometry. Our objective is to obtain a better
comprehension of thermodynamic factors governing
attachment and decomposition pathways, and to reveal
features of chloride attachment that may provide
unique structural information.
Methods and Materials
All employed monosaccharides (mixed forms of - and
-anomers, except for glucose which was in the form of
-D-glucose) and oligosaccharides were purchased
commercially and dissolved in 9:1 methanol:water at
the concentration of 1 mM with 0.1 mM LiCl as electro-
lyte. All mass spectra were obtained using a Quattro II
triple quadrupole mass spectrometer (Micromass, Inc.,
Manchester, England). Collision-induced decomposi-
tion was realized through the introduction of argon gas
into the central hexapole. The gas cell pressure was kept
low (1–2  104 mbar) to minimize multiple colli-
sions. The capillary voltage was set between 3.0 
3.8 kV. The sampling cone voltage was set between
10  30 V. To investigate the decompositions of
[M  Cl] of monosaccharides, collision energy was
varied from 2 eV to 18 eV (ELab). All displayed mass
spectra represent the average of 50 scans of 1 s duration.
The following shorthand abbreviations for monosac-
charides are used throughout the text: glucose, Glc;
fructose, Fru; galactose, Gal; and arabinose, Ara.
Results and Discussions
Ranking of Chloride Affinities of Monosaccharides
Aldohexoses and ketohexoses are two categories of
monosaccharides that appear very frequently in biolog-
ical samples and they will constitute our initial focus.
Commercially purchased D-enantiomers of -D-glu-
cose, mannose, talose, altrose, fructose, psicose, taga-
tose, and the L-enantiomer of sorbose were dissolved in
methanol:water 9:1 at the concentration of 1 mM with
0.1 mM LiCl for the investigation. They all show chlo-
ride adduct [M  Cl] peaks in addition to deproto-
nated molecules [M  H] under uniform experimental
conditions. In conventional ESI mass spectra, chloride
adducts appear in higher abundances than deproto-
nated molecules, which is consistent with previous
results from our laboratory [43, 44]. In tandem mass
spectrometry (MS/MS) experiments, collision-induced
decomposition was performed via introduction of low
pressure (1–2  104 mbar) argon in the central
hexapole collision cell. The collision energy was varied
from 2 eV to 18 eV, conditions under which little
cross-ring fragmentation occurs; all other parameters
were held constant. In low-energy collisions of [M 
Cl], decomposition to form Cl is primarily observed,
with [M  H] formation occurring to a lesser extent.
To examine the competition between the formation of
Cl and [M  H] product ions upon fragmentation of
[M  Cl], the ratios of product/precursor ion have
been obtained and plotted against collision energy in
the range of 2 to 18 eV. Figure 1a shows the ratios of
product/precursor ion abundance for Cl product ions
and Figure 1b shows [M  H] product ions as func-
tions of collision energy generated in the same set of
experiments for the series of monosaccharides. Note
that while the x-axis is the same, the y-axis scale for the
two plots is quite different, and it serves to illustrate
how Cl formation dominates over [M  H] forma-
tion during decompositions of these chloride adducts of
monosaccharides.
The internal energy uptake (experimentally con-
trolled by changing the collision energy) can be consid-
ered to be rather uniform for all isomeric structures of
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hexose monosaccharides under the same collision con-
ditions. The chloride affinity of a monosaccharide, M, is
defined as Ho of the reaction
M Cl3 Cl M (1)
Because loss of Cl is invariably the lowest energy
decomposition process for all [M  Cl] precursors, the
abundance ratio Cl/[M  Cl] obtained under iden-
tical collision energy conditions just above the critical
(threshold) energy can be used to rank the chloride
affinities of the series of isomeric monosaccharides.
Based upon the decreasing relative Cl/[M  Cl]
ratios at 6 and 8 eV, with all other competing decom-
positions negligible (0.8% at 6 eV, and 1.2% at 8 eV),
the chloride affinities of these monosaccharides can be
ranked in increasing order as: talose  glucose 
sorbose  altrose  tagatose  mannose  fructose 
psicose. Because more than one structure is sure to exist
for each chloride adduct of a given monosaccharide
bearing multiple hydroxyl groups, and because the
higher energy (less stable) precursor forms are most
likely to dissociate at very low energies, this ranking
should be considered to be approximate.
Ranking of Gas-Phase Acidities of Monosaccharides
Upon raising the collision energy, in addition to the
chloride product ion at m/z 35, these monosaccharides
also produce significant abundances of [M  H]
product ions at m/z 179 (Figure 1b). Psicose and tagatose
yield the highest [M  H] product/precursor ratios,
while glucose and mannose show the lowest [M  H]
product/precursor ratios. The [M  H] product/
precursor ratio for talose increases first and then de-
creases because of consecutive decompositions of [M 
H] above 10 eV collision energy (CID spectrum reveals
other product ions in high yield below m/z 179). At 6
and 8 eV, the [M  H] product/precursor ratio
increases in the series: glucose  mannose  altrose 
sorbose  talose  fructose  tagatose  psicose.
Starting from the chloride adduct [M  Cl], the loss
of HCl neutral to form [M  H] involves a proton
transfer from the monosaccharide to the attached chlo-
ride anion. Relative to the loss of M to form Cl,
formation of [M  H] occurs more readily for those
monosaccharides having gas phase acidities closer to
that of HCl (the latter is virtually always a stronger acid
in the gas phase as compared to any of the investigated
monosaccharides). For decompositions of a chloride
adduct ion whose activated complex is considered to
exist as a mixed dimer of proton-bound anions, the
product ion abundances of chloride (ICl) and the dep-
rotonated monosaccharide (I[MH]) will depend upon
the difference in gas-phase acidities of the monosaccha-
ride (HM) and HCl (HHCl) as given by the following
equation [44–47].
lnICl/IMH 	HM  HHCl
/	RTeff

 	S
/R (2)
For a series of structurally similar isomeric monosac-
charides, the (S) term (i.e., the difference in the
changes in entropy for the two competitive decompo-
sitions) can be considered to be rather uniform, as can
the effective temperature, Teff, when collision condi-
tions are held constant. The product ion ratios Cl/
[M  H] obtained from decompositions of chloride
adducts thus depend on their acidities relative to HCl.
Hence, this ratio can be used to rank the acidities of the
monosaccharides.
The ratio of the abundances of the two product ions
formed via competitive decompositions was calculated
and plotted in Figure 2. The Cl/[M  H] ratio for
glucose is above 100 at collision energies above 4 eV,
which was not included in the plot for better visual
comparison. Among other monosaccharides, mannose
showed the highest ratio of Cl/[M  H]. Talose has
the next highest ratio, followed by altrose. After altrose,
the Cl/[M  H] ratios descend in the order: sorbose,
fructose, psicose, and lastly tagatose. Thus, the ranking
of acidity of monosaccharides according to the increas-
ing Cl/[M  H] ratio at 2, 4, and 6 eV follows the
Figure 1. Ratios of product ion/[M  Cl] for (a) Cl product
ions and (b) [M  H] product ions of the listed monosaccharides
as functions of collision energy.
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order (most acidic to least acidic): tagatose  psicose 
fructose  sorbose  altrose  talose  mannose 
glucose. Because of the existence of multiple structures
for the chloride adducts of individual monosaccharides,
this ranking of acidities should be regarded as approx-
imate, and somewhat dependent on the exact distribu-
tion of initial [M  Cl] structures.
These monosaccharides are known to exist in the
form of ring structures in solution, such as in the
pyranose and furanose forms. Table 1 [48] gives the
relative amounts of pyranose and furanose forms of
monosaccharides in water. Although the relative
amounts of pyranose and furanose were not found for
sorbose, psicose, and tagatose, being ketohexoses like
fructose, they can be considered to have relatively high
amounts of furanose forms in solution. Psicose, sorbose,
tagatose, and fructose all show lower Cl/[M  H]
ratios than the aldohexoses, thus they can be considered
to be more acidic in the gas phase. Aldohexoses such as
glucose and mannose show almost no furanose forms in
aqueous solution, and they show substantially higher
Cl/[M  H] ratios, indicative of a reduced tendency
to transfer a proton (less acidic).
Differentiation of Linkage Positions of
Disaccharides
Studies in the positive ion mode using cation attach-
ment have been performed to reveal linkage-specific
decompositions in the positive ion mode for Ca2- and
Mg2-coordinated branched trisaccharides [26] and
Co2- and Co3-coordinated disaccharides [30]. A pri-
ori, it is not obvious that anion attachment can be used
for the differentiation of disaccharides. However, even
for positional or anomeric isomers, different linkages
may change the preferred attachment site(s) for chlo-
ride anions. Moreover, the linkage type can also influ-
ence the accessibility of competing fragmentation path-
ways. The steric hindrance and difference in number of
degrees of freedom of motion (rotational and vibra-
tional) along the glycosidic bond of oligosaccharides
containing various linkage positions may constitute the
largest factor contributing to the chemical energy dif-
ference of isomeric sugar molecules. Here we investi-
gate the possibility of differentiating linkage positions
in the negative ion mode using tandem mass spectro-
metry and collision induced decompositions of chloride
adducts of disaccharides.
Two groups of disaccharides, (1) three glucopyrano-
syl fructoses plus one galactopyranosyl fructose: Glc1–
2Fru (sucrose), Glc1–3Fru (turanose), Gal1–4Fru (lac-
tulose), Glc1–6Fru (palatinose); and (2) four
glucopyranosyl glucoses: Glc1–1Glc (,–trehalose),
Glc1–3Glc (laminarbiose), Glc1–4Glc (cellobiose),
Glc1–6Glc (gentiobiose), are investigated using colli-
sion induced decompositions of mass-selected chloride
adducts of the disaccharides. Figure 3 shows the CID
mass spectra (ELab  15 eV) of [M  Cl]
 precursor ions
characterized by different linkages: Figure 3a Glc1–
2Fru; Figure 3b Glc1–3Fru; Figure 3c Gal1–4Fru; and
Figure 3d Glc1–6Fru. It is obvious that isomers of
Glc–Fru differing only in the linkage position of the
glycosidic bond give quite different product ion spectra.
For the glucopyranosyl fructose series (Figure 3), prod-
uct ions characteristic of the different linkages are m/z
215, 197 and 341 for 1–2 linkage, m/z 251 for 1–3 linkage,
m/z 221, 251, 281, and 341 for 1–6 linkage, while the 1–4
Gal-Fru linkage gave no apparent product ions of
cross-ring cleavage. Figure 4 shows the CID mass
spectra (Elab  15 eV) of [M  Cl]
 precursor ions of
glucopyranosyl glucose disaccharides characterized by
different linkages: Figure 4a Glc1–1Glc; Figure 4b
Glc1–3Glc; Figure 4c Glc1–4Glc; and Figure 4d
Glc1–6Glc. For decompositions of chloride adducts of
Glc–Glc disaccharides, the 1–1 linkage showed a high
intensity peak at m/z 341 corresponding to the deproto-
nated molecule [Glc1–1GlcH]. The 1–6 linkage
showed cross-ring cleavage peaks at m/z 221, 251 and
281, while 1–3 and 1–4 linkages gave rather similar
results, exhibiting only subtle differences in low-yield
cross-ring fragmentation product ions (e.g., m/z 263 and
281).
The above described characteristic mass spectral
profiles can be used to differentiate the linkage posi-
tions, which is consistent with the negative ion MS/MS
of [M  H] precursor ions as reported by Garozzo et
al. [12] and Dallinga and Heerma [15]. Similarities in the
decomposition spectra of [M  Cl] and [M  H]
precursors strongly suggest that the chloride adducts
lose HCl in a first step prior to consecutive decomposi-
Figure 2. Product ion ratio of Cl/[M  H] as a function of
collision energy for decompositions of chloride adducts of the
indicated monosaccharides.
Table 1. Percentages of pyranose and furanose forms of
monosaccharides in aqueous solution (from reference [48])
Pyranose form Furanose form
Glucose 99% 1%
Mannose 99% 1%
Talose 69% 31%
Altrose 67% 33%
Fructose 60% 40%
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tions. Notably, the relative abundances of m/z 161 and
179, both due to cleavages at the glycosidic bond, are
quite variable for the different linkages. For the gluco-
pyranosyl glucose series (Figure 4), both 1–3 and 1–4
linkages of Glc–Glc generate higher abundances of the
m/z 161 product ion than m/z 179 upon glycosidic bond
cleavage, while 1–1 and 1–6 linkages show the reverse
tendency. For the glucopyranosyl fructose series (Fig-
ure 3), Glc1–2Fru, Glc1–3Fru and Glc1–6Fru give
higher abundance peaks at m/z 179 than m/z 161, while
Gal1–4Fru shows the reverse.
Due to the fact that the molecular weight is the same
for the two monomers involved in the glucopyranosyl
glucose or glucopyranosyl fructose disaccharides, it
may be difficult to differentiate which sugar monomer
retains the charge to form the product ion at m/z 179,
and which sugar monomer appears as the product ion
at m/z 161. For Glc1–1Glc, Glc1–2Fru, and Glc1–
3Glc disaccharides, Dallinga and Heerma [15] per-
formed hydrogen/deuterium exchange experiments
that showed that m/z 179 and 161 are produced from
cleavages at the glycosidic bond that do not involve
carbon-bonded hydrogen transfer. However, for most
other linkages (e.g., Glc1–4Glc, Glc1–6Glc, Glc1–
Figure 3. CID mass spectra of (a) Glc1–2Fru, (b) Glc1–3Fru, (c) Gal1–4Fru, and (d) Glc1–6Fru
obtained under identical collision conditions at 15 eV (ELab) collision energy.
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6Glc and others), the transfer of a carbon-bonded H
atom is involved, as established in hydrogen/deute-
rium exchange experiments reported by Dell et al. [49],
Kamerling et al. [50], and Dallinga and Heerma [15].
The proposed mechanisms indicated that charge reten-
tion predominated on the reducing ring to produce
product ions at m/z 179 and 161.
To investigate possible contributions from charge
retention on the non-reducing ring, we chose a disac-
charide composed of different sugar monomers: Gal1–
3Ara, which has two different monomeric units with
different masses. The CID mass spectrum of the chlo-
ride adduct of Gal1–3Ara at m/z 347 is shown in Figure
5a. The spectrum reveals product ions at either m/z 179
or m/z 131 upon unambiguous cleavage of the glyco-
sidic bond on the side corresponding to the reducing
ring. Formation of both ions implicates an intramolec-
ular hydrogen transfer from the arabinose unit to the
interglycosidic oxygen atom. The m/z 179 peak corre-
sponds to charge retention on the non-reducing ring,
while the m/z 131 peak corresponds to charge retention
on the reducing ring. Cleavages on the non-reducing
Figure 4. CID mass spectra of various D-glucopyranosyl–glucose disaccharides: (a) Glc1–1Glc; (b)
Glc1–3Glc; (c) Glc1–4Glc; and (d) Glc1–6Glc acquired under uniform experimental conditions
using 15 eV collision energy (ELab).
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side of the interglycosidic O atom to form product ions
at m/z 161 or m/z 149 were extremely disfavored and
these ions were barely detectable. This result is consis-
tent with that of Carroll et al. [18] who used 13C-labeled
lactose precursor ions and observed dominant m/z 179
(corresponding to charge retention on the non-reducing
ring) and m/z 162 (corresponding to charge retention on
the 13C-isotope-labeled reducing ring) upon cleavage of
the glycosidic bond in negative ion LSIMS.
In an analogous fashion, disaccharides composed of
two hexose monosaccharides with the same mass
would undergo similar cleavages on the reducing side
of the glycosidic bond, giving m/z 179 for charge reten-
tion on the non-reducing ring and m/z 161 for charge
Figure 5. CID mass spectra of (a) chloride adduct of Gal1–3Ara; (b) deprotonated molecule of
Gal1–3Ara, both at 15 eV (ELab) collision energy; and (c) from above curves, sum of fragment ions
divided by sum of fragments plus precursor, for [M  Cl] and [M  H] of Gal1–3Ara as a function
of collision energy (Ecom).
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retention on the reducing ring. The cleavages on the
other side of the interglycosidic oxygen atom to form
m/z 161 (charge retention on the non-reducing ring) and
m/z 179 (charge retention on the reducing ring) are
analogously presumed to be much less favored. This
decomposition behavior is different from that observed
in the positive ion mode. As reported by Hofmeister et
al. [16], lithiated gentiobiose with 18O-labeled at the
anomeric position produced dominant cleavage at the
glycosidic bond on the non-reducing side, yielding
lithiated product ions at m/z 189 (reducing ring with
18O-incorporation) and m/z 169 (non-reducing ring with
no 18O incorporation).
The decompositions of chloride adducts and depro-
tonated molecules of Gal1–3Ara have been examined.
Compared to the fragmentation pattern of deproto-
nated molecules of the disaccharide Gal1–3Ara (Fig-
ure 5b), the fragmentation of chloride adducts (Figure
5a) shows a rather similar fragmentation pattern except
that m/z 35 is present and the relative abundances of the
other fragments are lower (see Figure 5c). The similar
fragmentation patterns appearing in Figures 5a and b
strongly suggest that the product ions of [M  Cl] in
Figure 5a (other than m/z 35) are produced via consec-
utive decompositions of [M  H] after initial loss of
neutral HCl. The difference in relative abundances of
product ions appearing in Figure 5a versus those in
Figure 5b may be attributed to the energy consumed
during the loss of neutral HCl from [M  Cl], leaving
the formed [M  H] ion with less internal energy for
further decomposition than the [M  H] counterparts
formed in the ion source.
In addition to the formation of Cl and the formation
of [M  H] and subsequent decomposition products,
the CID spectrum of chloride adducts of sucrose
(Glc1–2Fru) also shows other unique decomposition
pathways leading to chlorine-containing product ions
at m/z 197 and 215, as established in Figure 6. The unit
resolution of the triple quadrupole allows the selection
of either the 35Cl adduct of sucrose (Figure 6a) or the
37Cl adduct (Figure 6b). Chlorine-containing products
are shifted by 2 m/z unit as the precursor ion is changed
from the 35Cl adduct to the 37Cl adduct, while
non-chlorine containing product ions remain at the
Figure 6. CID mass spectra of chloride adducts of Glc1–2Fru (sucrose) (a) m/z 377 (35Cl adduct) and
(b) m/z 379 (37Cl adduct), each at 15 eV (ELab) collision energy.
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same m/z value. Glycosidic bond fragmentation mech-
anisms for sucrose are proposed in Scheme 1. Two
possible locations of chloride attachment are indicated
in each of the two m/z 377 precursor ions, but attach-
ment may also occur at other hydroxyl sites.
Unlike other disaccharides where one monosaccha-
ride is considered as the reducing ring, the Glc1–2Fru
is a non-reducing disaccharide wherein the linkage has
been formed between two reducing hydroxyl groups on
the glucose and the fructose units. During decomposi-
tions of [M  Cl], a hydrogen transfer can occur
(Scheme 1) leading to rupture of the glycosidic bond.
Afterwards, the chlorine atom remains attached to
either one of the monosaccharide residues with charge
retention on the monomer residue that holds the chlo-
rine atom, yielding a product ion at m/z 215 or 197.
Product ions at m/z 161 and 179 are also formed by
combined cleavage of the glycosidic bond and HCl loss.
The formation of chlorine-containing product ions (at
m/z 197 and 377) was also observed for raffinose
(Gal1–6Glc1–2Fru), a non-reducing trisaccharide,
containing the identical Glc1–2Fru linkage at what is
normally the reducing end. The CID mass spectrum
showing decompositions of the [M  Cl] precursor is
given in Figure 7 together with the proposed mecha-
nism. The peak at m/z 377 corresponds to loss of the
fructose residue (162 Da neutral), and the peak at m/z
197 represents the chloride adduct of the fructose resi-
due, which has transferred a hydrogen during cleavage
at the glycosidic bond. A similar result (not shown) was
also obtained for the chloride adduct of the non-reduc-
ing tetrasaccharide stachyose at m/z 701: Gal1–
6Gal1–6Glc1–2Fru. Chlorine-containing product ions
are observed at m/z 197 because of the neutral loss of a
trisaccharide residue, and at m/z 539 due to the neutral
loss of the fructose residue.
The above experiments indicate that the formation of
chlorine-containing product ions from decompositions
of [M  Cl] occurs only when a “downstream” end,
terminal sucrose (Glc1–2Fru) is present on the poly-
saccharide. The fact that each of the three terminal
sucrose-containing saccharides yields two chlorine-con-
taining product ions (m/z 197 and the complementary
ion corresponding to loss of fructose) establishes that
cleavage occurs on the fructose side of the glycosidic
bond. We propose that m/z 197 and the chloride adduct
Scheme 1. Proposed decomposition mechanisms of chloride adducts of sucrose.
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of the complementary saccharide portion that has un-
dergone loss of fructose (e.g., m/z 215 from sucrose
(Scheme 1), m/z 377 from raffinose (Figure 7), and m/z
539 from stachyose) can be used as diagnostic indicators
of the Glc1–2Fru linkage at the downstream end. The
information obtained from the observation of these
chlorine-containing product ions formed as a result of
Glc1–2Fru glycosidic bond cleavage on the fructose
side, together with that obtained from formation and
consecutive decompositions of [M  H] is comple-
mentary to the information obtained from the decom-
positions of cation adducts of disaccharides in the
positive ion mode. For decompositions of lithium ad-
ducts [16, 17, 34, 51], or sodium adducts [17] of disac-
charides, the ionizing cation is conserved on all the
product ions observed. While for other larger cation
adducts such as those of potassium or cesium, the
dominant decomposition is the disengagement of the
cation itself from adducts, no further decompositions
occur on the disaccharides [17]. The fragmentation
products also differ, depending upon the type of cation.
The protonated disaccharides produce primarily cleav-
age along the glycosidic bonds with little cross-ring
fragmentation, while lithium adducts can promote
cross-ring fragmentation [16, 34, 51].
The initial internal energy is considered low for the
chloride adducts formed in electrospray ionization. The
internal energy uptake of isomeric adducts upon acti-
vation at the same collision energy can also be consid-
ered to be uniform. It is noteworthy that among all the
disaccharides examined, the non-reducing disacchar-
ides, i. e., Glc1–2Fru and Glc1–1Glc, give signifi-
cantly higher signals for [M  H] (see Figures 3 and 4).
This result can be rationalized by considering that the
reducing end hydroxyl group is more acidic than the
other hydroxyl protons, i.e., compared to other hy-
Figure 7. CID mass spectrum of chloride adducts of the non-reducing trisaccharide raffinose:
Gal1-6Glc1–2Fru obtained at 30 eV (ELab) collision energy. Also shown are proposed decomposition
pathways to (1) m/z 377 initiated by attachment of the chloride anion labeled 1Cl; or (2) m/z 197
initiated by attachment of the chloride anion labeled 2Cl. The chloride anions may be attached
elsewhere on the starting molecule and fragments. See bottom of Scheme 1 for alternative decompo-
sition pathways.
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droxyl protons, less energy is required to dissociate the
reducing end hydroxyl proton when it is present (Fig-
ures 3b to d and 4b to d). The consequent facile loss of
HCl from [M  Cl] results in the formation of [M 
H] product ions with relatively high amounts of
retained internal energy. This leads to a high yield of
consecutive decompositions of [M  H] for these
disaccharides. Both Glc1–2Fru and Glc1–1Glc lack
the reducing end hydroxyl group, and their chloride
adducts require more energy to initially lose the neutral
HCl. Because the loss of neutral HCl consumes more
energy, the remaining [M  H] product ion is less
susceptible to consecutive decompositions. Thus
Glc1–2Fru and Glc1–1Glc yield high abundance
peaks at m/z 341 corresponding to [M  H] ions that
do not readily undergo consecutive decompositions.
Conclusion
The above noted higher barrier to HCl loss also implies
that other pathways, such as those resulting in chlorine-
containing product ions, now have more competitive
rates of decomposition. In fact, for each series of disac-
charides, relative to the total signal for all product ions,
chloride anion (m/z 35) appears in the highest percent-
age for Glc1–2Fru and Glc1–1Glc that lack the reduc-
ing end hydroxyl group (Figures 3 and 4). Figure 8
rationalizes the relatively high abundance of Cl and
the appearance of chlorine-containing product ions for
Glc1–2Fru as compared to positional isomer Glc1–
3Fru. The chloride adduct of the latter is characterized
by a much lower barrier to [M  H] formation (Figure
8a), hence, initial [M  H] formation is facile and
consecutive decompositions to m/z 251 (cross-ring
cleavage, not shown) m/z 179 and m/z 161 (and subse-
quent decompositions, not shown) readily occur, leav-
ing almost no surviving [M  H]. On the other hand,
Glc1–2Fru (Figure 8b) is characterized by a much
larger barrier to [M  H] formation, leaving little
excess energy for consecutive decompositions, and at
the same time favoring Cl formation. The absence of a
facile low-energy pathway is the key factor that permits
the new possibility to undergo glycosidic bond cleavage
while maintaining chloride attachment resulting in the
products at m/z 215 and 197 (Figure 8b). These path-
ways to chlorine-containing product ions that have
undergone glycosidic bond cleavage are observed only
for those saccharides that contain a terminal Glc1–
2Fru linkage. The observation of these unique chlorine-
containing product ions is thereby diagnostic of the
presence of a terminal (downstream end) sucrose
group.
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